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RESEARCH PROGRAM FOR THE LONG TERM 
TESTING OF CYLINDRICAL DIODES AND 
THE IRRADIATION OF FUEL AND INSULATOR 
ABSTRACT 
__  
'lhe experimental and anaiyticai work in  nuclear ther- 
mionics being performed by the Special Pclrpose Nuclear 
Systems Operation of the General Electric Company for 
the National Aeronautics and Space Administration under 
Contract NAS 3-2544, "Research Program for the Long 
T e r m  Testing of Cylindrical Diodes and the Irradiation 
of Fuel and Insulator, i s  presented. Information from 
the l i t e r a tu re ,  information generated under the contract ,  
and information generated by the contractor in other 
studies, some of which were conducted under other con- 
t r ac t s  with the government, a r e  included. The work is 
performed for  the Nuclear Pov, e r  Technology Branch, 
Lewis Research Center, Cleveland, Ohio. 
-iv- 
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RESEARCH PROGRAM FOR THE LONG TERM 
THE IRRADIATION O F  FUEL AND INSULATOR 
TESTING O F  CYLINDRICAL DIODES AND 
SECTION I 
SUMMARY 
This is the Sixth Quarterly Summary Report describing progress  on 
the research program for  the long t e r m  testing of cylindrical diodes 
and the irradiation of fuel and insulator under Contract NAS 3-2544. 
The program consists of three work phases; (1) development of basic 
converter life, (2)  thermal and irradiation testing of fuel/clad emit ter ,  
and ( 3 )  irradiation of high purity alumina a t  temperature.  
\i : Ju:- 
The objectives and scope of each of these work a r e a s  a r e  as follows: 
Phase A: Develop, life tes t ,  and evaluate basic thermionic converter 
designs.  
Task 1: Design, fabricate, and life tes t  three cylindrical con- 
ver ters  to demonstrate the life of collector,  emit ter ,  
and spacing assemblies and related internal components. 
Dissect components to investigate causes of deterioration 
o r  failure.  
Task 2:Design, fabricate,  and life tes t  three converters simi- 
l a r  to those in Task 1 which includes a mockup of an inter-  
cell assembly for multicell application. 
assembly includes provision for  electrode spacing, back 
emission shields,  and intercell  connections. Intercell 
connections a r e  not required to c a r r y  current .  Dissect 
components to investigate causes of deterioration o r  
failure.  
This intercell  
1 
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B' 
Task 3:Perform detail design (including thermal and s t r e s s  
analyses) and prepare procedures for fabrication and 
assembly for  a three converter se r ies  connected seg- 
ment of a thermionic fuel element. 
Task 4:Design, fabricate, and life tes t  two thermionic convert- 
ers which include a mockup of an  intercell assembly based 
on the physical design of Task 3. The converter tes ts  a r e  
t3 be conducted at an emitter temperature of 1800 C and a 
collector temperature of 1000 C for  2000 hours o r  until 
failure, whichever occurs f i r s t .  
connections shall be active, i. e .  current conducting. 
Dissect converters and investigate causes of component 
failure and deterioration. 
0 
0 
The intercell electrical 
Task 5.Design, fabricate, and life tes t  three converters to investi- 
gate the effect of a U 0 2  fuel in a W-25 w/o  Re clad emitter 
on thermionic performance during an extended period (4500 
hours) of converter operation a t  an emitter temperature of 
180OoC and a collector temperature of 100C°C. Dissect con- 
ver ter  and investigate failures or  physical changes noted. 
Phase B: Develop, fabricate, and study the long t e r m  effects on Fuel /  
clad emitters f r o m  thermal and irradiation exposures .. 
Task l:Design, fabricate, and test  twelve W-25 w / o  Re U O  fueled 2 
specimens in high temperature furnaces in the temperatuare 
range 180OoC to 220OoC for periods up to 5000 hours in a 
cesium vapor environment. Subject a representative number 
of the specimens to detailed analyses to determine the nature 
and extent of any fuel/clad interactions, and the effects of 
venting the fuel to the cesium environment. 
2 
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Task 2:  Fabricate and irradiate two irradiation capsule assemblies 
containing specimens of uranium oxide fuel clad in vented 
tungsten 2670 rhenium in Plum Brook Reactor Facility. P e r -  
form post-test analyses to determine the dimensional stabil- 
i ty s t ructural  integrity, and extent of any interaction for  the 
irradiated specimens. 
Phase C: Irradiation of high purity alumina at temperature. 
Expose alumina specimens to irradiation in  the Plum Brook Re- 
actor  in a vacuum environment. Measure electrical  resist ivity 
and breakdown voltage during irradiation and perform post-irradia- 
tion examination to  determine changed in  physical properties of the 
specimens. 
A summary of the work performed during the sixth quarter and con- 
tained in Section 111 of this report  follows. 
Phase A: Develop, fabricate and evaluate Thermionic Converter Designs. 
Task 1: Converter 301 was disassembled and inspected to determine the 
failure.  Since there was insufficient evidence that there  was a 
cesium leak into the bombardment chamber, the converter was 
reassembled using a new bombardment gun assembly. 
of-pile testing was resumed and there  w a s  definite proof that a 
Out- 
cesium leak existed. Testing w a s  terminated. The total test 
time on this converter w a s  3754 hours. 
Task 2: Out-of-pile converters 311 and 312 were  operated for 4480 and 
3858 hours,  respectively and a r e  continuing. Converter 313 
processing was completed and it was placed on life tes t .  
converter accumulated 2211 hours testing during the sixth 
quarter .  
This 
- 5 -  
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Task 3:  The thermal and s t ress  analysis of a 3-cell segment of a 
thermionic fuel element was completed and a thermal cycling 
t e s t  was initiated using a mockup consisting of an emitter 
joined to an adjacent collector by the electrical  connector pins. 
Task 4: During the sixth quarter ,  additional effort was placed on the 
design of the W - 2 5  Re clad, fueled U 0 2 ,  electrically heated 
converter,  with the object of using a s  many components f rom 
the previous design a s  possible. 
covered by the partial design approval has proceeded. 
Fabrication of a l l  par t s  
Phase B: Thermal and Irradiation testing of fuel/clad emitters.  
A l l  mater.'.als necessary for  the compatibility tes ts  have been 
received, W - 2 5  R e  capsuies containing 'U'G 
and installed in the cesium re tor t s ,  and some furnace tes ts  
have begun. 
Task 1: 
have been prepared, 
2 
Task 2: The VAFT was tested out-of-pile and found satisfactory for 
reactor use.  Comments f rom the P B R  preliminary staff 
review of the Design and Hazards Manual were received. The 
design analysis of the PBR requirements stated in these com- 
ments was initiated. 
Phase C: Irradiation of Alumina 
The alumina radiation czpsule cor,tinued i t s  irradiation in 
P B R  through Cycle 29  and reached an approximate dose of 
1.6 x 10 nvt of neutrons with energy greater than 1 MeV. 
Although the reporting period ended December 17 and Cycle 
29 was not concluded until December 21, the exposure i s  
20 
reported to the end of Cycle 2 9 .  Data were reduced a s  they were 
received from PBR and the analysis to date indicates that the 
resist ivity values for a given temperature a r e  approximately 
-4- 
Y 
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a factor of 5 greater than for out-of-pile data with appar- 
ently no dose effect encountered a t  this exposure. 
- 5- 
G ES T - 2 04 5 
SECTION I1 
INTRODUCTION 
L 
To meet future space power requirements over the range of kilowatts 
to megawatts with a light-weight, reliable and long life system, the 
Special Purpose Nuclear Systems Operation of General Electric has 
proposed the STAR-C (Space Thermionic Auxiliary Reactor). 
A significant feature of the STAR-C is the integral thermionic fuel 
element which consists of a number (20 to  40) of nuclear-fueled se r i e s -  
connected, power converting diodes. 
this development. 
Emphasis has been placed on 
The attainment of the high reliability levels which a r e  required for a 
space power system will  require each individual, series-connected 
thermionic cell to be fabricated and perform to exacting reliability 
standards. Development work on mater ia ls  and converters to achieve 
the goals of reliability and life in  configurations acceptable to the ther-  
mionic reactor system is supported a s  par t  of the present program a s  
well a s  under other nuclear thermionic programs at  General Electric. 
This is the Sixth Quarterly Report describing progress  on the research  
program for  the long t e rm testing of cylindrical diodes and the irradiation 
of fuel and insulators under Contract NAS 3-2544. 
sists of three work areas :  
The program con- 
-6- 
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A.  
B. 
C. 
Development of Basic Converter Life 
Thermal and Irradiation Testing of Fuel/Clad Emitter 
Irradiation of High Purity Alumina at Temperature. 
Objectives of each of these and technical progress  during the quarter 
a r e  summarized in Section 111. 
-7- 
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SECTION I11 
TECHNICAL PROGRAM STATUS 
A .  DEVELOPMENT OF BASIC CONVERTER LIFE 
1. General 
This phase consists of four conve,rter investigations described as 
follow s : 
a.  Task 1, Converters 301-303 
~~ ~ 
These converters consist of electrically heated, cylindri- 
cai  tungsten emit ters ,  niobium collectors,  and have an  inter-  
electrode spacing of 0.01 inch. 
converters is described in reference 1. 
this task i s  to develop thermionic converters of high relia- 
bility, test the converters under simulated thermionic fuel 
element conditions , and obtain information on their  possible 
failure modes. 
The detailed design of these 
The objective of 
b. Task 2 ,  Converters 311-313 
These converters consist  of electrically heated, cylindrical 
tungsten emit ters ,  niobium collectors,  and have a 0.01 inch 
spacing with a spacing assembly mounted on one end of the 
emitter that closely simulates an intercell  s t ructure  for  a 
thermionic fuel element. 
is  described in reference 2.  
subject the collector-to-emitter spacing components and 
intercell  assembly to realist ic operating conditions and obtain 
information on their possible failure modes. 
The detailed design of this assembly 
The objective of this task i s  to 
- 8 -  
c .  Task 3 & 4Converters 331,332 
This sub-task requires design, thermal and s t r e s s  analysis,  fabri-  
cation and testing of two converters very similar to those in Phase 
11, except that the intercell assembly mounted on one end of the 
emitter contains current carrying electr ical  connector pins. 
object of this task i s  to subject the intercell  assembly including the 
connector pins to realistic operating conditions and obtain information 
on possible failure modes. 
The 
d .  Task 5, , Converters 431-433 
These three converters consist  of electrically heated, cylindrical 
tungsten 2570 rhenium emitters containing uranium oxide fuel; niobium 
collectors;  and have an interelectrode spacing of 0.01 inch. 
objective of this task is to investigate the possible influence of UO 2 
the performance of thermionic converters which employ W-2570 Re 
a s  the emitter cladding, 
The 
on 
2. Task 1, Converters - Series 301-303 
Converter 301- Life testing of converter 301 w a s  interrupted a t  3754 hours due 
to filament failure. 
removed from the converter and inspected to deter.oiine the filament failure 
mode. The bombardment filament appearance w a s  indicative of positive ion 
bombardment. 
indicated minute cracks in the tar?talum thimble. 
to evacuate the thimble on a helium leak detector system. 
of the converter appeared t o  be in as-built condition. 
failure was observed. 
During this report  period the filament assembly was 
Examination of the emitter assembly using a boroscope 
. .  It was possible, however, 
All other par t s  
No other evidence of 
Since insufficient evidence existed that a cesium leak into the bombardment 
chamber had occurred, the converter was reassembled using a new bom- 
bardment gun assembly. Initial processing to  high temperature operation 
was accomplished. 
- 9- 
0 - 6  A.t an emitter temperature of 1600 C y  the pressure  was 5 x 10 to r r .  
Cold pressure  was 2 x 10 to r r .  However, a s  soon a s  bombardment 
voltage was applied, excessive bombardment current w a s  observed. 
Current was a l so  observed at  near-zero voltage. 
with the physical observations described above is conclusive evidence 
that cesium was in the bombardment chamber region. 
minated and preparation made for  post-test examination. 
-8 
This observation along 
Testing w a s  t e r -  
Converters 302 and 303 -Testim;< of both converters had been terminated 
previously and results of post-test examination reported. 
3 
3. Task 2, Converters - Series 311-313 
Converter 311 - During this period, tes t  operation w a s  maintained at an 
emitter temperature of 1830 C and a collector temperature of 700 C 
corresponding to the maximum measured power point. 
w a s  continuing at the end of the report  period with a cumulative total of 
4480 hours attained. 
0 0 
Test operation 
Performance data were  recorded throughout the 4480 hour period. 
output and input power a r e  shown plotted in Figure la ,  b and c as a function 
of time. 
described in Reference 3, p.11. 
Both 
The load change a t  approximately 750 hours in Figure la  w a s  
Converter 312 - During this period, test  operation was maintained at an 
emitter temperature of 1830 C and a collector temperature of 700 C 
corresponding to  the maximum measured power point. 
continuing a t  the end of the report  period w a s  a cumulative total of 3858 
hours attained. 
b and c as a function of time. 
300 hours and the re su l t i ng  change in output power is described i n  Reference 
0 0 
Test operation w a s  
Both output and input power are  shown plotted in Figure 2a, 
The adjustment in power input at  approximately 
3, p. 12. 
-10- 
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Converter 313 - Initial converter performance measurements were 
completed and the converter placed on life test  at the maximum measured 
power point. During the first eight hundred hours,  output power had 
decreased to approximately 947" of i t s  initial value. 
2211 hours,  the power output has remained at the 94 + 1% value. 
initial output power (measured) was 6 .9  wat ts /cm ; the 9470 value is 6 . 5  
watts /cm . 
with a cumulative total of 2211 hours attained. 
power a r e  shown in Figure 3aand b as a function of time. 
F r o m  800 hours to 
The 
2 
2 Test operation was continuing at the end of the report  period 
Both output and input 
The resul ts  of the converter life t e s t s  through the Sixth Quarter are  
summarized in Table 1. 
power output and efficiency were calculated using the same m-ethods in 
the Second Quarterly Report. 
The caluclated thermionic design values f o r  
1 
-16- 
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Converter 312 and 313 Performance Maps 
After fabrication and bakeout of the complete converter and after cesium 
distillation, mea sur  ement s of converter current - voltage character i s  tic s 
were made. To measure these character ies t ics ,  60 cps alternating voltage 
w a s  imposed in the load circuit of the converter,  causing the voltage ac ross  
the converter to vary alternately between open and approximiately short  
circuit  conditions. 
be measured under these conditions using an oscilloscope. 
!:ewer point is determined and this i s  plotted on a graph of power output 
vs cesium reservoir  temperature. 
correcting the measured data for the amount of power lost  in the emitter 
lead inside the converter envelope. 
Current-voltage (I-V) character ies t ic  o r  load line may 
The maximum 
The design values a r e  obtained by 
F o r  converters operating in the a r c  mode, the maximum design o r  electrode 
power characterist ically occurs a t  output currents much higher than the 
currents for maximum measured powers. 
increment due to the emitter lead loss .  
were not tested a t  high enough currents to define the maximum design o r  
electrode power point because the currents were extended sufficiently high 
to define the maximum measured power point of the I -V curve,  and not 
necessarily the maximum design power point. 
Figures  4 and 5. 
This results f rom the voltage 
On some of the tes t s ,  the converters 
These data a r e  so  noted in 
Figure 4 is a graph of maximum power output a s  a function of cesium r e s e r -  
voir temperature a t  three collector temperatures for  converter 312 a s  mea- 
sured by the sweep technique. The design power output a t  a collector tem- 
perature of 700 C and a cesium reservoir  temperature 370 C is 8 . 5  W / c m  
and i s  within 1% of the steady state value (Table 1). 
0 0 2 
Figure 5 is a graph of maximum power output a s  a function of cesium re-  
servoir  temperature a t  three collector temperatures f o r  converter 313 ' 
a s  measured by the sweep technique. At a collector temperature of 7 0 0 0 ~  
- 2 0 -  
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0 and a cesium reservoir  temperature of 375 C ,  the design output power 
on an  ac  sweep was 9 . 4  W/cm2,  and i s  within 670 of the steady state 
value (Table I). 
for the different power output values for converters 312 and 313 at 
collector temperatures  of 650 C ,  o r  why the variation of power output 
with cesium reservoir  temperation differs f o r  the two converters a t  a 
collector temperature of 650 C .  
Investigation to  date has  not revealed an  explanation 
0 
0 
Certain of the data measured in this manner were taken with insufficient 
sweep voltage to define the maximum design power on the curves.  
The measured values in Table 1 were obtained by steady state measure- 
ments of output voltage and current as the converter load resistance was 
varied a t  constant emitter , collector , and cesium reservoi r  temperature .  
The point at which the measured power output w a s  a maximum is listed in  
Table 1. The corresponding values of current  and voltage were  then cor -  
rected for lead loss  to obtain the design values in Table 1. 
state maxiumum power point did not correspond exactly to the same cur ren t  
a s  determined by the maximum power point f rom sweep measurements.  
Curves of power output vs cesium reservoir  temperature  obtained by sweep 
measurements a r e  not included for  converter 311 because of poor agreement,  
a s  yet unexplained, between sweep and steady values. 
This steady 
A m _ _ i  T. i d b K  3 & 4.Coilt-ei-tzrs - Series 3 3 1 ,  3 3 2  -- 
During the quar te r ,  the thermal and s t r e s s  analyses were  completed and 
a thermal  cycling tes t  w a s  run on a mockup consistlTg of an emit ter ,  
collector,  and three se r i e s  lead pins. 
The convertel- analysed w a s  one of the several  which a r e  se r i e s  
connected i n  a thermionic fuel element (TFE) .  The converters 
a r e  electrically isolated f r o m  the liquid metal coolant by a 
GEST-2045 
0.010-inch thick alumina sleeve running the length of the TFE. 
The cylindrical insulator is, in turn, contained within a n  outer 
sheath. 
The collectors a r e  in a cup-like form and a r e  stacked within the 
insulator cylinder and are  electrically isolated f rom each other 
by a se r i e s  of two-washer-like alumina insulators a t  each end. 
S er ie  s - ele ct r ical  connection is ac  compli shed by three -pin- like 
leads connected between the closed end of the collector cup and 
the end of the adjacent emitter,  
azimuthally located 120° in  respect  to each other. 
lead protrudes frorn the emitter through its collector and the 
intercell-insulator, and connects to the collector of the next con- 
ver te r .  The proper spacing between the emitter and collector 
is maintained by the series leads on one end of the emitter and 
by spacer (bumper) pins on the other end. 
The se r i e s  electrical  leads a r e  
The se r i e s  
a. Thermal Analvsis 
The object of the thermal analysis is to determine the 
fine temperature distribution of a converter operating 
at steady state.  The operating c r i te r ia  were an  180OOC 
emitter and a 1000°C collector with input power and 
thermionic output necessary to maintain those temperatures .  
The emitter i s  tungsten and the collector niobium. 
The thermal  analyses were  made on representative geometries 
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using computer code TIGER V-A, which is a thermio- 
nic modification of the basic computer code, TIGER V. 
The code performs a relaxation of a network of volume 
elements, and i s  capable of both steady-state and tran- 
sient analyses . 
Calculations a r e  performed by dividing the particular 
physical problem into small  volume elements o r  nodes. 
Four  types of nodes a r e  available. These a r e  internal, 
surface, boundary, and coolant. The nodes (volume 
elements) a r e  connected together to form a network; the 
connectors between nodes describing the type of heat 
t ransfer .  
nectors of which no more than five may be surface type 
connectors. 
directions of heat transfer f rom a cube o r  cylindrical 
volume element. 
sional heat transfer representations. 
node may also have an internal heat generation rate  so 
that power generation phenomenon may be described. 
Each node may have a maximum of six con- 
This may be viewed a s  the six possible 
This flexibility permits  three dimen- 
Each internal 
Focr types of surface heat transfer a r e  available: 
1) conduction, 2) radiation, 3) natural o r  f r e e  convec- 
tion, and 4) forced convection. Fo r  thermionic calcu- 
lations, the code was modified to account for  a fifth 
type of surface heat transfer (i. e . ,  electron cooling or  
thermionic heat transfer). 
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F o r  a specific emitter - collector material  combina- 
tion, emitter-collector spacing, and optimum cesium 
temperature,  the I-V characterist ics for a fixed collec- 
tor  temperature may be approximated by a straight line 
analytical expression of the form: 
I = C  1 - C 2 i V +  ‘3 c4 - TE ] 
where V is potential difference between emitter and 
coiiector in  volts. 
T is the emitter temperature in OK. E 
I is the current density in amps /cm 2 . 
and C and C a r e  obtained by 1’  c2’  3 4 The constants C 
fitting the curve to available experimental data. 
A correction must be applied to compensate for variations 
in  collector temperature. Inspection of data in reference 
4 fo r  converters with elevated collector temperatures 
indicates that the shift in I-V curves with collector tem- 
perature may be represented by a simple voltage shift. 
This approximation is good over the range of interest .  
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By iteration with the relaxation method, the thermionics a r e  
described between surfaces just a s  any other form of sur-  
face heat transfer.  In the preliminary calculations, ther- 
mionic characteristics f o r  a converter with a rhenium 
emitter and a nickel collector were used to permit direct  
comparison of the results with those of previous calculations. 
The code was then further refined to include I-V curve f i t  
constants f rom a converter having a tungsten emitter and 
molybdenum collector, a 7-mil interelectrode gap, and a 
325OC cesium reservoir temperature. Tungsten-niobium 
characteristic curves were not available in the l i terature.  
Examination of available tungsten-niobium data incli- 
cated substituting tungsten-mdybdenum curves were satis-  
factory for purposes of these calculations. 
The program was se t  up to simultaneously calculate 
radiation heat transfer with the thermionic transfer by 
means of a combined emis sivity-geometry factor introduced 
into the code. 
In the preceeding quarter ,  five calculational models were 
developed to  obtain preliminary temperature distributions. 
The five models included one R - 8  and four R-Z represen- 
tations. 
passing along planes through: 1 )  a region with no spacers 
or  leads, 2)  a series lead, 3 )  an anti-rotational pin, and 
4) a spacer pin. 
the section through the lead pin had sufficient temperature 
gradients to  warrant further analysis. 
tinuing effort was  devoted to exakna t ion  of the R-Z  plane 
The R - Z  models consisted of 1ongitGdinal sections 
The results f rom these indicated that only 
Therefore,  con- 
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through the lead pin, and for control purposes the R-Z 
plane through a section with no spacers  or  leads. 
These two models were further refined by better represen- 
tation of the geometry, and by using thermionic data more  
representative of the emitter and collector materials of the 
converter being analysed. 
The first R-Z model (Model 1) represented a longitudinal 
section through the intercell region along a place without a 
ser ies  lead, spacer pin, o r  other such hardware. The 
model represented the U02, emitter /clad, interelectrode 
space, collector sheath insu?ater, cuter sheath coolant, and 
the intercell insulators. 
In the R direction, the model extended f rom the longitudinal 
center line along the radius of the TFE to the coolant. 
the Z direction, the model was a section from the mid- 
length of one converter to the mid-length of the adjacent one. 
In 
The second model (Model 2) was a longitudinal section 
through the intercell region as was Model 1, except Model 
2 represents  a plane through a ser ies  lead. The nodes com- 
prising the ser ies  lead were of the proper volume and con- 
nected into an emitter node on one end of the ser ies  lead 
and into a collector node on the other end. The intercell  
insulators and the collector disk have a clearance hole 
through which the se r i e s  lead passes .  The nodes making 
up the intercell insulator and the collector disk networks 
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were connected to each other,  but not to the ser ies  lead. 
The nodes and the connectors between nodes were 
modified to  compensate f o r  the volume removed by the 
hole and for the increased length of the thermal flow path 
around the hole. 
Since the normal symmetry condition (dT/dZ = 0) does 
not hold at the mid-emitter model boundary, the periodic 
nature of the axial heat flow and temperature distribution 
were utilized to allow the solution to establish its own 
boundary condition. 
out of a half emitter section a t  the model i s  the same a s  the 
heat flow into the haii ernitter seciiiiii of thc adjacent con- 
ver ter  in the model; however, the magnitude of this heat 
flow is not known. It may be determined by the network- 
relaxation method of the Tiger code by connecting together 
the two adjacent converter half emitter sections at the 
geometric symmetry planes. 
out of one half emitter section into the other half emitter 
section a s  the solution is determined. 
It is known that the heat flow axially 
This allows the axial flow 
After the two models have been refined a s  required, cal- 
culations were made using the following parameters :  
1. 
2. Voltage = 0.5 volts 
3 .  Coolant temperature = 97OOC 
Total power into the emitter = 645 watts 
The results of these runs were: 
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1. 
2. 
3 .  
4. 
Average emitter temperature = 186OOC 
Average collector temperature = 1026O 
Average current density - 14 amps /cm2  
Average thermionic power density f rom the 
cylindrical surface - 7 W/cm 2 
Since the emitter and collector temperatures were  within 
3% of those specified, another iteration was not made to 
further reduce temperatures.  The over-all temperature 
level i s  slightly higher than desired,  but the distribution 
would be little affected by a 3% reduction in temierature .  
The axial and radial ienipSratures along the emitter of 
Model 2 (through the se r i e s  lead) a r e  shown in Figure 7. 
Temperatures along the collector a r e  shown in  Figure 8. 
b. Stress  Analysis 
The results of the thermal analysis indicated several  
points where appreciable thermal s t r e s ses  might exist. 
Those a r e a s  identified for s t r e s s  analysis a r e  a s  follows: 
1. 
2. 
3 .  
The end disk of the collector. 
Axial temperature gradient in the sheath insulator. 
Stresses  due to differential radial  expansion of the 
collector, alumina insulator, and outer sheath. 
S t resses  in the sheath insulator due to expansion of 
the collector disk. 
S t resses  in the collector due to  expansion of the 
collector disk. 
4. 
5 .  
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6. Deflection of the collector disk due to the moment 
introduced by the se r i e s  lead. 
Bending s t resses  in the lead pin, due to  differential 
expansion between the emitter and collector. 
7. 
The collector end disk on the se r i e s  lead end has a radial  
gradient f r o m  1198OC at the center to 1078°C at the outer 
edge. The resulting circumferential s t r e s s  at the outer 
edge of the disk is  5120 psi ,  which is appreciably lower 
than the yield s t ress  of niobium a t  120OoC (55,000 psi) .  
In the intercell  region there  is  a 24OC axial temperature  
gradient in the aiumiiia shcz th  insulator. 
gradient exists over approximately 0.030 inch of the 
insulator. The attenuation length of the alumina cylinder 
was determined t o  be 0.041 inch. F o r  conservatism, the 
support of the niobium sheath was neglected. 
sulting circumferential and axial bending s t r e s ses  a r e  2700 
and 2502 ps i  respectively. 
This maximum 
The r e -  
These s t r e s s e s  a r e  well below the tensile and compressive 
strengths of alumina a t  1000° (15,000 and 150,000 ps i  res- 
pectively). 
The outer sheath and collector i s  niobium and the sheath 
insulator is alumina. 
tween alumina and niobium causes interference s t r e s ses s  of 
1990 psi  in tension and 3680 psi  in  compression in the 
niobium and alumina respectively. 
The difference in  expansivities be- 
The differential 
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I .  
expansion absorbed in s t ra in  by the niobium is almost two 
times that absorbed by the alumina. 
well below the yields of the two materials at their operating 
temperatures.  However, a major portion of the s t r e s s  in 
the niobium will be relieved by creep a t  the 999OC operating 
temperature.  
Both s t r e s ses  a r e  
On the opposite end f rom where the lead pins connect into 
the collector, the collector disk is not attached to the 
cylindrical portion of the collector. 
restrained by the r e s t  of the collector, it is f ree  to expand 
into the sheath insulator. To eliminate the contact and r e -  
sulting interference stress, the disk is sized to provide 
adequate room to expand without contacting the sheath 
insulator. 
Since that disk is not 
The collector disk with the ser ies  lead connections is 
brazed into the cylindrical portion of the collector. 
the disk operates at a higher temperature than the 
cylindrical part ,  it w i l l  impose a deflection on the end of 
the cylinder. 
s t r e s s  of 11,500 psi. This s t r e s s  is well below the yield 
s t r e s s  of niobium a t  120OOC (55,000 psi). Because of the 
comparatively low creep strength of niobium a t  this tem- 
perature,  the s t ress  will be relieved within a few hours. 
Since 
This deflection causes an  axial bending 
As with the other end of the collector, adequate clearance 
is provided t o  prevent contact with the alumina sheath 
insulator. 
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The deflection of the se r i e s  lead pins could potentially 
cause buckling in the collector disk. 
it was assumed that the moments f rom the three lead pins 
were  transmitted undiminished into the collector disk. 
The resulting deflection was 0.0035 inch in the center 
of the disk. 
cell space and by the 0.015-inch gap between the ends of 
the emitter and the collector. 
Fo r  conservatism, 
This i s  adequately provided f o r  by the inter-  
The ser ies  lead pins a r e  connected into the emitter and 
collector on the same radius f rom the axial centerline of 
the converter. As the converter approaches operating 
conditions, the ends of the lead will be displaced differently 
due to differential expansion between the emitter and col- 
lector. The lead is very short, w 0.10 inch, and has a 
comparatively large diameter,  w O .  045 inch. Conse- 
quently, it i s  very s t i f f  and the bending s t r e s ses  
resulting from the differential expansion a r e  w e l l  into the 
plastic region. The magnitude of the s t ra in  is a function 
of the temperature relationship between the emitter and 
collector, and consequently, a function of how the particu- 
l a r  converter is operated. 
On the first cycle, the ends of the lead pin will become 
plastic very quickly and will function a s  "hinges. 'I This 
w i l l  allow rotation, which will accommodate the radial  
displacement of 0.001 inch. As the emitter and collector 
cool down, the pin will acquire a set  which wi l l  be  inter-  
mediate to the hot and cold deflection patterns. Further  
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cycles w i l l  not be a s  severe a s  the f i r s t  heatup. 
s t ra ins  during fur ther  cycling could be calculated with difficulty, but 
would be of very questionable accuracy. 
The magnitude of plastic 
Because of the magnitude of the strains and the uncertainties of a 
calculated solution, a mock-up was fabricated which consisted of an 
emitter and a collector with connecting se r i e s  leads,  a s  shown in 
Figure 8. 
reference design. 
except it did not contain U O  
the loading. 
W-2570 Re leads,  which were brazed in. 
The collector w a s  fabricated f rom niobium and i s  of the 
The emitter was tungsten and of the reference design 
and had several  holes placed in it to reduce 
The emitter and collector were connected together by three  
2 
The mock-up (shown in Figure 9) 
emitter to 1800 C in a radioGfrequency induction heater.  
was heated by heat conduction through the pins,  and cooled f r o m  the other 
end by a heat sink. When the collector reached 1000 C ,  the heater power 
was turned off. 
was cycled 40 t imes by heating the 
0 The collector 
0 
Before cycling, af ter  40 cumulative cycles, and at several  intervals 
between, the mock-up was carefully neasured and w a s  examined under 
3OX magnification. No indication of failure has been found in  the pins 
or in  the region where the pins join the emitter and collector. 
The results of the thermal s t r e s s  analysis and of the thermal  cycling tes t  
indicate there  a r e  no a reas  where failure would be expected, due to 
thermal s t r e s ses .  
dimensionsal distortion would occur. 
Fur ther ,  there appear to be no a r e a s  where excessive 
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FIGURE 9 SERIES LEAD MOCK-UPDURING 
CYCLING E M I T T E R  AT 1800OC 
COLLECTOR AT 1000°C 
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5. Task 5 Converters - Series 431-433 
Life Testing of Fueled Out-of-Pile Thermionic Converters 
The purpose of this task is t o  investigate the effect of a nuclear fuel 
on thermionic performance during an extended period of converter 
operation and to determine the nature and extent of any material  inter-  
actions. 
fueled out-of-pile (electrically heated) thermionic converters which 
w i l l  employ UO 
cladding. 
303 ser ies  with the added provison for longitudinal slots in the emitter 
to contain the UO 
accommodate the UO 
This wi l l  be investigated through the life testing of three 
a s  fuel and tungsten-25% rhenium as the emit ter /  2 
The tes t  converter w i l l  be basically the same a s  the 301- 
The emitter body is fluted a s  shown is Figure10 to 
2 '  
2' 
Two design modifications have been made over the 301-303 ser ies  con- 
ver te rs  marked "A" and "B" on Figure 11 . 
A) The collector w a l l  thickness w a s  reduced to form a heat block 
between the active collector region and the braze joint. At the 
1000 C collector temperature operation, this choke reduced 
the temperature of the braze joint to levels at which long t e r m  
braze joint performance has been demonstrated. 
0 
B) A ceramic support ring was installed on the bomber lead just  
below the tr iple weld. 
of the filament within the tantalum sleeve and hence reduced the 
possibility of non-uniformity of emitter temperature. 
This reduces the chance of eccentricity 
As many components as possible were used from the previous design. 
Modifications and redesign were made to the collector to allow the 
achievement of 1000 C collector temperature. The emitter design 
is identical to those used successfully on converters developed under 
0 
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FIGURE 11. THERMIONIC CONVERTERS 431-433 
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another contract. * This emitter i s  supported on the tantalum 
thimble or support sleeve identically a s  in the se r i e s  301-303 
converters. 
Fueled Emitter 
A fueled emitter was assembled from components a s  shown in Figure 10, 
and C. T. A.  W .  welded. 
The W-25 Re material, used for the emitter fabrication contained l e s s  than 
60 ppm of carbon, oxygen, or nitrogen, was sigma phase f r ee  at  lOOX 
magnification, and fix vacuum tight. 
mately 25.5% by weight. 
The rhenium content was approxi- 
*ARPA/BuShips Contract Number 88621 
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C olle ctor 
Requirements that the collector run a t  a temperature of 1000°C 
made necessary the testing of the Kovar to niobium braze joint 
at temperatures in excess of those experienced in the past. 
Analysis of the temperatures to which these brazes would be sub- 
jected were  made and it was determined that the braze joint on 
the cesium reservoir  side of the collector would be subjected to 
a temperature of approximately 685OC. 
weld side of the collector would be subjected to a 630% tempera- 
ture. 
The joint on the tr iple 
This braze in the past was made with copper. 
tes ts  made a t  925OC showed sufficient diffusion had occurred 
after 500 hours using either copper or  nickel to cause the joint 
to fail. P a s t  experience has shown that if these joints could be 
kept a t  approximately 56OOC or  l e s s  then long life could be ex- 
pected using the copper joint. 
joints after 5160 hours. 
so that the braze joints would be a t  a lower temperature.  Re- 
duction of the joint temperature was accomplished by de signing 
heat chokes just ahead of the joint. 
Accelerated life 
Actual tes ts  have shown leak tight 
Therefore, the collector w a s  redesigned 
Filament Spacer 
Although considerable effort i s  made to position the bombardment 
filament so that it i s  concentric within the tantalum sleeve/emitter,  
there exists a four-to-one lever a r m  in the support so  that no 
guarantee can be made on the position of the filament. 
mental since unequal emitter temperatures a s  a function of radial 
position could occur. This would invalidate emitter calibrations, 
place unequal s t r e s ses  on the material ,  and heat one a rea  excessively. 
This i s  detri-  
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Therefore,  a ceramic spacer has been designed and 
placed between the molybdenum filament support sleeve 
and the tantalum sleeve which i s  joined directed to the 
Kovar tr iple weld flange. Position of the A1 0 ceramic 
is slightly toward the emitter f rom the tripple weld. The 
ceramic i s  nickel plated to eliminate d i rec t  contact with 
the tantalum. Al l  sharp corners  have been chamfered to  
minimize possible spalling due to thermal gradients. 
2 3  
Filament location should 
+ 0.004. - 
be quaranteed to approximately 
Tantalum Support Sleeve 
All previous test terminations except one have been 
caused by failures of the electrical  heating source. 
has been due to an eventual failure of the tantalum to 
maintain vacuum integrity. 
atoms to enter the vacuum chamber and bombard the 
filament until failure of the filament occurs.  
of this mode of heater failure has indicated a requirement 
f D r  extreme quality control procedures i n  obtaining and handling 
the tantalum. 
This 
Such a failure allows cesium 
Investigation 
Twelve tantalum support sleeves made by drawing tantalum 
sheet* were received. 
mechanical tolerances being unacceptable. 
been sectioned and w i l l  be used to obtain a complete chemical 
analysis (spectrographic, and gas analysis for C y  02, N2, 
and sulfur). 
Two samples were  rejected for  
Two samples have 
H2 
A longitudinal and horizontal c ros s  section w i l l  be 
~ ~~~~~~~~~ 
*Sheet material  supplied by General Electric , Cleveland, Ohio. 
double vacuum a r c  melted. 
Tantalum w a s  
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microscopically analyzed. 
inspected metallographically. Acceptance will be made on the 
basis  of these tests.  
Eight samples will have the end cap 
Other Component Status 
Bombardment guns, insulator seals ,  cesium reservoir  and 
heater assembly, alumina spacers,  tungsten gap spacers ,  heat 
shields and heat shield retaining rings, eyelets, cesium fi l l  
reservoir ,  filament spacers ,  collector heat sinks and assorted 
water tubing, power clamps, brackets, and miscellaneous com- 
ponents required to complete fabrication and place the converter 
on test  have been fabricated and await processing prior to final 
assembly. Other par ts  of the converters (tantalum support 
sleeves and the collectors) await design approval. 
Processing of P a r t s  
The processing (cleaning) of par t s  has been upgraded to the ex- 
tent that all  parts in the converter a rea  will be vacuum fired 
just pr ior  to assembly. All previous vacuum firing schedules 
have been increased both in temperature and time a t  tempera- 
ture. The exhaust tubulation has been increased from 1/4- inch 
diameter to l/Z-inch diameter. This will  increase the tube con- 
ductance by approximately a factor of 8. 
Thermocouple D eve1 opm ent 
It is anticipated that one converter will have a thermocouple 
im5edded in the emitter.  Four samples were fabricated to tes t  
the vacuum integrity of the high temperature ceramic seal of 
the wires  to the sheath. Only one sample w a s  leak tight. 
tinued development is indicated. 
Con- 
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B. THERMAL AND IRRADIATION TESTING OF FUEL/CLAD EMITTERS 
2 Task 1. Long T e r m  High Temperature Compatibility Tests  of UO 
Clad with W-2570 Re 
Specimen 
Number 
1 
2 
3 '$ 
4* 
5 
6 
7 
8 
9 
10 
11 
12 
a .  General 
(5) The studies of the high temperature chemical com- 
patibility of UO with W-2570 Re are  being extended to 2 
longer times. Details of the t e s t  programs were given 
previously. (3) All materials necessary fo r  the com- 
patibility tes ts  have been received. 
Re capsules containing UO 2 
installed in  their respective environmental chambers. 
Some furnace t e s t s  have begun and their  progress  to 
date is shown in Table 11. The cladding of samples 1 
and 2 is  W-2570 Re f rom Nuclear Metals Inc. ,  and the 
cladding for  the remainder of the samples is w-25'$0 Re 
from Chase B r a s s .  
All required W-2570 
have been prepared and 
TABLE I1 
PROGRESS OF FURNACE TESTS 
Test 
0 Temperatures,  C 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
2000 
2000 
2200 
2200 
Target 
Test  Time, Hours 
2000 
2000 
500 
1000 
3000 
3000 
5000 
5000 
2000 
3000 
500 
1000 
Time In 
Furnace,  Hours 
- 
103 
103 
103 
103 
- 
2 
2 
*Assembled with hfo-5070 R e  braze alloy instead of tungsten iner t  a r c  
w eldin'g . 
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I '  Tests  of capsules 1 - 4 a r e  about to begin. 
10 w i l l  begin following the completion of tes ts  11 and 12 be- 
cause both se t s  of tests use  the same furnace space. 
Tests  of 9 and 
The procedure used f o r  fabricating the tes t  capsules and 
analyses of some of the mater ia ls  used a r e  given below. 
b. Fabrication of Capsule Components 
The W-2570 Re container par t s  were  fabricated by machining 
end caps f rom rod or sheet and cutting tube to length with a 
silicon carbide cut-off wheel. W -25% Re cladding mater ia l  
was obtained a s  sintered tube and end caps f r o m  
Chase Bras s  Corporation and as-extruded tube f rom Nuclear 
Metals Inc., (NMI). Hoskins sintered W -25% Re rod was 
used as the end cap material  fo r  the NM'C tube. Analyses of 
the Chase Brass  and NMI as-received material  a r e  not com- 
plete. 
Figure 12. 
high as 750X. 
Photomicrographs of the NMI tube a r e  shown in 
No sigma phase was seen a t  magnifications as 
The Hoskins w-2570 Re rod w a s  the same 
mater ia l  reported previously. (697) 
UO2 pellets were  formed by cold pressing U 0 2  powder, 
mixed with 3% H20 a s  a binder, and sintering the green 
pellets in  hydrogen at 1725 $. 25OC to a final density of 
96 2 1% of the theoretical value. Pel le ts  were made f r o m  
two batches of powder, batch 1032 (natural) and batch 432 
(depleted). 
pellet made from each batch of powder a r e  given in 
Table 111. 
The O / U  ratio and chemical analysis of a 
The relatively high contents of Al, C r ,  F e ,  
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TABLE 111 
CHEMICAL ANALYSES AND O/U RATIOS 
OF PELLETS OF U02 
El e m  ent 
At3 
A1 
B 
Bi 
C 
Ca 
Cd 
c o  
Cr  
c u  
F 
Fe 
M n  
Mo 
Na 
Ni 
P b  
Si 
Sn 
V 
Zn 
Mg 
O / U  Ratio 
Batch 1032 
ppm 
< 0.1 
250 
< 0.2 
2 
3 
25 
< 1  
< 2  
50 
5 
5 
500 
2 
2 
< 3  
< 35 
200 
< 1  
35 
2 
15 
< 10 
2.014 
Batch 432 
ppm 
< 0.1  
500 
< 0.2 
2 
2 
25 
< 1  
< 2  
40 
1 
2 
100 
20 
2 
< 3  
< 35 
50 
1 
100 
2 
< 15 
< 10 
2.010 
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E T C H E D  1oox 
a. 
LONGITUDINAL S E C  T ION 
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b. 
E T C H E D  
TRANSVERSE SECTION 
F I G U R E  12 PHOTOMICROGRAPHS O F  T H E  
NMI T U B E  
lOOX 
GEST-2045 
Ni, and Si a r e  not unusual for UO fuel. These t race  impurties 
a r e  normally introduced during the processing of the fuel 
and ball milling of the powder. 
2 
Photomicrographs of pellets f r o m  each batch of U 0 2  a r e  
shown in Figures  13, and 14. Shown in Figures  13b and 
14b a r e  fine metallic par t ic les  which were  found sprinkled 
randomly throughout the pellets. 
sions were found widely scattered in the pellets, Figure 13b 
A dark  non-metallic phase was found in pellets f r o m  each 
batch and i s  shown as  small elongated inclusions in Figure 
13b. The numerous small dark circular a r e a s  in  each 
picture a r e  pores .  
Larger  metallic inclu- 
The identities of the metallic and non-metallic inclusions 
are unknown. 
pellets indicate, however, that the metallic par t ic les  a r e  
probably Al, Fe, Ni ,  C r ,  and Si or their  alloys. 
metallic inclusions may be oxides of one or  more  of the 
metals.  
metallic inclusions has not been made. 
The compositions and the O/U ra t ios  of the 
The non- 
Definitive identification of the metallic and non- 
c .  Assembly of Capsules 
All but two capsules were  made by encapsulating the U 0 2  
in  the W-25% Re cladding by inert-gas (TIC) welding the 
metal  end caps to the tube sections. 
w a s  performed in an argon ( < 100 ppm oxygen) filled glove 
box. As noted in Table I1 specimens 3 and 4 were  assembled 
with Mo-50% Re braze alloy. This braze is made in vacuum 
The welding operation 
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AS POLISHED 
a. 
lOOX 
AS POLISHED 
b. 
lOOOX 
ETCHED 500X 
C .  
FIGURE 13 PHOTOMICROGRAPHS O F  U 0 2  P E L L E T S  
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lOOX AS POLISHED 
a. 
b. 
AS POLISHED looox 
C .  
ETCHED 500X 
FIGURE 14 PHOTOMICROGRAPHS O F  U 0 2  P E L L E T S  - 5 2 -  
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using an R F  heat source. 
capsule were shown previously. 
cut-away view of a typical capsule is presented in Figure 
15. 
Following assembly, capsules were  installed in environ- 
mental containing cesium. The thermal 
treatments a r e  being made in high temperature vacuum 
Pictures  of a typical vented 
An illustration of a 
The length, L, and diameter,  D ,  a r e  w 0.45 inch. 
furnaces previously de scribed. (10) 
Task 2 .  Fuel/Clad Irradiation 
a .  General 
The objective of this task is to obtain data on chemical 
compatibility, dimensional stability, venting character is-  
t ics,  weld microstructure, and fission product re lease 
for UO 
in nuclear environment. 
capsule assemblies containing four W-26% Re clad UO2 
specimens in the Plum Brook Reactor (PBR). Two such i r -  
radiations a r e  planned. 
fueled, W-26% Re clad emitters a t  temperature 2 
The tes t  consists of irradiating 
During the sixth quarter,  the mater ia l  analysis on the 
fuel ( U 0 2 )  was completed. 
perature calibration tes t  was com2leted with satisfactory 
resul ts .  
was tested out-of-pile and found satisfactory for reactor  
use.  Com.ments f rom the PBR preliminary staff review 
of the Design and Hazards Manual were received late in 
the sixth quarter ,  
ments stated in  these comments was performed. 
The emitter specimen tem- 
The Vertical Adjustable Facility Tube (VAFT) 
The design analysis of the PBR require- 
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CLAD FUEL CAPSULE 
FIGURE 15 ILLUSTRATION O F  CUT-AWAY VIEW O F  
TYPICAL CAPSULE 
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b. Materials 
The chemistry and metallography of the W-2670 Re 
mater ia ls  have been reported in  previous quarter ly  
reports .  
the fuel pellets, both the powder and the final pellets,  
was also reported previously. 
examined metallographically during this quarter  
(Figures 16-19). 
The chemistry and blending process of 
The fuel pellets were 
Examination of the - 1.5 and 
revealed several  metallic inclusions (10- to 15-mi- 
crons diameter) in each pellet. In addition, at lOOOX 
magnification a random dispersion of fine metallic 
particles (c 1-micron diameter) was observed. 
peated application of the U 0 2  etching reagent, 90% 
H202, and 10% H2SOq, removed the smaller  par -  
t ic les ,  but not the l a rge r  ones. 
2.4% enriched pellets 
Re- 
The disappearance of the smaller  particles indicated that 
they may have been f r ee  uranium, but there  is no experi- 
mental method available for definitely establishing their 
identity. 
hyperstoichiometric (O/U = 2.012 fo r  1.5% enrichment 
and O/U = 2.010 for 2.470 enrichment) and would tend to  
argue against the presence of f r ee  uranium. 
sistance of the larger  metallic a r e a s  to oxidation or 
solution indicates that they a r e  probably not f r ee  uranium. 
The O / U  ratios for both pellets a r e  siightly 
The r e -  
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AS POLISHED lOOOX 
FIGURE 16 PHOTOMICROGRAPH O F  1.570 ENRICHED 
UO2 P E L L E T  
250X ETCHED 
FIGURE 17 PHOTOMICROGRAPH O F  1.570 ENRICHED 
U02 P E L L E T  
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AS POLISHED lOOOX 
FIGURE 18 PHOTOMICROGRAPH O F  2.470 ENRICHED 
UO2 P E L L E T  
ETCHED 250X 
FIGURE 19 PHOTOMICROGRAPH OF 2.470 ENRICHED 
3 0 2  P E L L E T  
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It is likely that the large particles a r e  irop a n  
alloy of i ron tor  nickel. These metals a r e  
usually present i n  t race  quantities of -90 ppm, -40 
ppm, and 
ders .  
probably Inconel containment vessels  and pipes em- 
ployed by the manufacturer in  the processing of UO2 
and/or  particles f r o m  ball mills used in the processing. 
This amount of apparent metallic inclusion i s  not un- 
usual for UO2 pellets. These pellets a r e  of a quality 
equal to, if not better than, that satisfactorily used in  
the out-of-pile furnace testing and in other thermio- 
nic emitter testing. On this basis ,  they were ac-  
cepted for use  in this experiment. 
20 ppm respectively in the starting pow- 
The source of these t r ace  impurities was 
c. Thermocouple Calibration Tes t  
An out-of-pile calibration tes t  was  run to  obtain the 
relation between the emitter surface temperature and 
the temperature sensed by the thermocouples located 
at the end of a W-2670 Re support stem. A calibra- 
tion curve was  obtained that w i l l  be used in  the final 
design of experiment 64-01. 
that the thermal conductivity of W-26% Re used is ap-  
proximately 570 lower than indicated by the Wiedemann 
Franz relation. 
This tes t  a lso indicates 
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. Description of Work 
The test set-up consists of a thermal mock-up of the fuel/ 
clad specimen a s  it will be in the irradiation capsule. 
This is shown in Figure 20. The RF-heated clad specimen, 
support s tem,  thermocouples, end cap, and water environ- 
ment a r e  made of parts identical to those for the irradiation 
capsule. 
tes t ,  the specimen has two Inconel sheath, Pt/Pt-1370 Rh. 
thermocouples brazed into the holes in the end of the sup- 
port  stem. In the out-of-pile tes t  one thermocouple is 
tacked to the outside of the containment can and one is 
measuring water temperature. 
In the reactor experiment as in the calibration 
Shown in Figure 21 i s  the clad specimen pr ior  to installa- 
tion in  the test  setup. Shown in Figure 22 is the over-all 
t es t  setup in the vacuum station. 
clad specimen at temperature. Also shown in  this figure 
is a black body hole through the specimen clad and into the 
top end cap for pyrometric temperature measurement.  
The four thermocouples were read out using a potentio- 
meter  and a suitable cold junction. 
Shown in  Figure 23 is the 
Shown in Figure 24 a r e  the results of the calibration. 
repeatability and agreement between thermocouples (2OC typi- 
cal ,  50C worst  case). The data indicate a t  that clad tempera- 
ture ,  1800°G, the thermal conductivity of the W-26% Re calcu- 
lated for the observed temperature distribution (135OOC average) 
was 0 . 6 3  watts/cm°C. 
the value estimated using the Wiedemann Franz relation 
Good 
This was approximately 570 lower than 
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F I G U R E  20 DRAWING OF T H E R M O C O U P L E  CALIBRATION 
A P P A R A T U S  
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FIGURE 21 PHOTOGRAPH O F  CLAD S P E C I M E N  PRIOR 
TO INSTALIATION IN TEST APPARATUS 
F I G U R E  22 PHOTOGRAPH OF TEST S E T - U P  F O R  
THERMOCOUPLE CALIBRATION 
GEST-2045 
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FIGURE 23 PHOTOGRAPH O F  TEST SPECIMEIV 
AT T E M P E R A T U R E  
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with a Lorenz number for tungsten and electrical  conduc- 
tivity vs temperature data for  W-26% Re. 
curve will be used as  the no-gamma heat base curve for  
final design. No realistic measurements of the surface 
emissivity of the clad specimen were obtained because of 
internal reflections in the tes t  setup. 
The calibration 
d. VAFT Testing 
The vertical adjustable facility described in  the Fifth 
Quarterly Report was tested out-of-pile to check water 
seals and mechanical operation. 
(1) General 
A vertical adjustable facility for capsule tem2era- 
ture  control in the NASA PBR was designed and fab- 
ricated in accordance with details in the Design and 
Hazards Manual for Exp. 64-01. 
tested in accordance with QCSI- 11. 
The facility w a s  
(2) Presentation of Results 
The in-core facilityltibe and the drive unit used for this 
test  were shown in Figure 7 and 8 of Quarterly Report 
No. 5 and were described in that report .  A hydraulic 
pump was attached to the test  p ressure  vessel  and the 
unit was statically tested to greater than 1-1/2 t imes the 
P B R  vessel pressure,  i . e .  , 250 psig, then static tested 
to 160 psig, the designvesselspressure.  The unit also seals 
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' .  to 90 psig in case a low p res su re  situation a r i s e s .  
The unit was cycled 20 t imes with pressures  of 135 
and 160 psig. 
In all  cases, the leak ra te  f rom the double chevron 
VBWR rod drive type l inear seal  was well within ac -  
ceptable limits. 
the static 250 ps i  t es t  and 12 ml on the 160 psig 
cycle test .  
down. Other parameters  such as back lash,  coasting, 
force to stop at drive,and force to stop at VAFT 
were  checked and found to be satisfactory. 
Total volume of leak w a s  10 ml on 
The ra te  of t ravel  is 1.5 in/min up and 
A linear position indicator to be used with the VAFT 
has been ordered. 
mounted on the VAFT drive and a panel mounted power 
supply and ZOOo movement readout meter  w i l l  be 
mounted in the control console. 
The t ransmit ter  unit w i l l  be 
This w i l l  provide a measure of the capsule position 
with respect to the PBR co re  to within ? 1 / 16-inch. 
When the transmitter is mounted on the VAFT drive,  
the VAFT wi l l  be ready for shipment to the NASA 
Plum Brook Reactor. 
e .  Design Analvsis 
Notification was received from the Plum Brook 
Reactor that the thermal andgamma. flux in the 
reactor  a r e  higher by factors of 1.2 and 1.4 respect-  
ively than the original values provided by P B R .  
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I -  This  w i l :  I-cq*.iirtb rccalculstion and some mechanical 
redesign. 
with capsule mechanics and reactor safeguards analysis.  
The comments w i l l  be factored into the design and hazards 
analysis bciore final issue.  
Most of the other comments were associated 
C.  IRRADIATION O F  ALUMINA 
1. General 
Detailed descriptions of the test  specimen design and fabrication, 
the tes t  equipment, t es t  procedures, and the thermal mock-up tes t  
The capsule was 7,192 were presented in previous quarterly reports .  
irradiated f o r  seven P B R  cycles and reached an approximate dose 
of 1.6 x 10'' nvt greater than 1 MeV based on the data log. 
This exceeded the target tes t  parameter of 1 x 10 nvt. The i r r ad -  
iation was initiated with Cycle 23 and was scheduled for  conclusion 
the end of cycle 29 December 21, 1964. Although the reporting 
period ended December 17, this irradiation i s  reported through 
December 21 to provide congruity in the report .  
date indicate that the resistivity data a r e  approximately a factor 
of 5 higher than the out-of-pile data.  
temperature has t k  same relative slope as the out-of-pile data 
in  the design range of 800 to 1000 C. 
with fast neutron exposure w a s  noted. Only one specimen (No. 3 
indicated possible breakdown when a fuse failed in its measuring 
circuit  with the application of 270 V d.c. during the breakdown test. 
This occurred at an approximate dose of 1.05 x 10 
Resistivity data a t  100 V d .c .  obtained on Specimen Number 3 af ter  this 
event agreed w e l l  with previous data w 
not have been breakdown. 
20 
Data analysis to 
The curve of resist ivity vs.  
0 No large change of resist ivity 
20 
nvt (fast). 
ch indicated the event may 
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3. 
Irradiation 
The capsule was installed in the PBR LD-11 position on 
August 13, 1964 and the irradiation initiated with cycle 23. 
A detailed analysis of the operation during Cycle 23 w a s  pre-  
sented in the Fifth Quarterly Report. 
Starting withcycle 24, the capsule w a s  moved to the LA 
11 position to obtain the design gamma heat level. 
this quar te r ,  the capsule w a s  irradiated fo r  approximately 
7 PBR cycles o r  nearly through Cycle 29.  The capsule w a s  
scheduled to be removed from the reactor on December 21, 
1964 for storage in the PBR fuel storage canal until PBR 
RML work can be scheduled. The specimen exposure i s  
calculated to be approximately 1.6 x 10 
1 MeV. 
During 
20 
nvt greater than 
This occurred in 1290 hours of reactor irradiation. 
Data Analvsis 
The data were reduced as they were received f r o m  PBR in 
accordance with the procedure outlined in  the Fifth Quarterly 
Report. 
through 8 remained the same a s  previously reported. 
25 and 26 a r e  plots of resistivity vs temperature (100 V d .  c .  
data)  for  Specimens 6 and 8. 
intervals during the irradiation for  100 V d.  c .  data.  
time can be converted to fast flux exposure by referr ing to 
Figure 27. 
The temperature distribution from Specimens 1 
Figures 
The points represent 50-hour 
The 
During the in-pile radiation, currents were observed which 
were  caused by ionization of the helium atmosphere above the 
ceramic-to-metal  seal  in the high radiation flux. 
causes a great  number of ion pa i rs  to be generated in  this 
This flux 
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helium atmosphere and ionization currents  non- 
symmetric with respect to polarity were  observed. 
Positive polarity is defined as  the center electrode 
positive and the outer individual electrodes being 
negative. 
to the vacuum can and containment can and wall 
because of the sheath grounded thermocouples. 
this circumstance very low ionization currents were 
observed. 
determining mechanism for current  flow and the fact 
that the effective collection volume is only that 
amount of nickel electrode wire  protruding past  
the ceramic insulation above the ceramic-to-metal seal .  
Where the polarity is  reversed,  .md the vacuum can 
is now negative with its extremely large effective 
collection volume , the large ionization currents were 
observed. Therefore, only positive quadrant data 
were used in the measurement of the in-pile resist ively.  
These effects were measured once each time the data 
for a l l  eight specimens were obtained by measuring 
the current  in a dummy electrode lead terminated a t  
the ceramic-to-metal seal .  In this manner,  the 
cur rez t  value for the leads,  the leakage resistance 
of the vacuum seal,  and ionization currents  were measured. 
This center electrode was a l so  grounded 
Under 
This is  due to the ion mobility being the 
4.. Materials Analysis 
a.  Spectrographic Analysis 
A duplicate specimen f rom the original batch of 
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Lucalox used f o r  this experiment was analyzed spectro- 
graphically and the results a r e  as follows: 
Ca < 1 ppm 
c o  < 10 
B < 10 
Mg 5000 
Mi1 < 10 
P b  < 10 
Si 100 
F e  < 10 
C r  < 10 
N i  < 10 
Bi < 50 
A1 Major 
Mo < 10 
Sn < 50 
V < 10 
c u  < 1 
Cd < l o 0  
Ag < 1 
Zn < 50 
Na < 50 
Sb < 10 
Ba < 10 
Ti  < 10 
Cb < l o 0  
sc  < 10 
Y < 10 
K < 10 
The analysis is typical of Lucalox with the major impurity 
being Mg. 
analysis that would cause electrical properties to be dif- 
ferent than expected. 
Nothing is revealed by the spectrographic 
b. Ceramagraphy 
This duplicate specimen was examined by ceramographic 
techniques to determ?ne physical cha.racteristics. 
examples of the ceramographic examination of the specimen 
a r e  shown in Figures 28, 29 ! ,  and 30. 
more  porous than usual transluscent Lucalox. 
porosity i s  not expected to  significantly affect the electri- 
cal conductivity of the body when compared to 100% dense 
Lucalox. 
Typical 
The specimen was 
This 
The specimen was heavily etched to bring out the grain 
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AS POLISHED 
FIGURE 28 PHOTOMICROGRAPH O F  T H E  CYLIN- 
D R I C A L  SECTION O F  THE SPECIMEN 
SHOWING TYPICAL POROSITY 
c AS POLISHED 1oox 
NOTE: The typical lip area showed slightly less  
parasity but w a s  still  greater than that in 
the cylindrical section. 
FIGURE 29 PHOTOMICROGRAPH OF THE SPECI- 
MEN'S LIP SHOWING LARGER P O R E S  
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HEAVILY E T C H E D  150X 
NOTE: The  grain sizes in the lip 
areas a r e  identical. 
F IGURE 30 PHOTOMICROGRAPH O F  A SECTION O F  
T H E  CYLINDRICAL BODY SHOWING GRAIN 
STRUCTURE 
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boundaries a s  shown in Figure 30. The grains a r e  re la-  
tively small  and typical of the high-strength grade Luca- 
lox rather  than the high-transparency grade. The grain 
size is uniform throughout the body, the average grain 
diameter is approximately 0.0005 inch. 
Nothing has been observed ceramographically to indicate 
that the subject specimen should differ f rom a nominal 
Lucalox body in its properties.  
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Canoga P a r k ,  Ca l i fo rn ia  
Attn: Rober t  C .  Allen (1) 
Attn:  C h a r l e s  K.  Smi th  (1) 
%brock PI Wilcox Company  
1201 Kemper  S t r e e t  
Lynchburg,  Virginia  
Attn:  F r a n k  R .  Ward  (1) 
Bat t e l l e  Memor ia l  Inst i tute  
505 King Avenue 
Columbus 1, Ohio 
Attn:  David Dingee (1) 
Attn: Don Ke l l e r  (1) 
Bat t e l l e  M e m o r i a l  Inst i tute  
P a c i f i c  Nor thwes t  L a b o r a t o r i e s  
1112 L e e  Boulevard 
P. 0. Box 999 
R ichland,  Washington 99352 
Attn: R .  F .  D i c k e r s o n  (1) 
Bendix Corpora t ion  
R e s e a r c h  L a b o r a t o r i e s  D iv i s ion  
Nor thrv e s t e  r n  Highway 
De t ro i t  35, Michigan 
Attn:  W. M .  Spurgeon  (1) 
n.?. l l l r  - E3cip.g Cn,pa,y 
P. 0. Box 3707 
Sea t t l e ,  Washington 
Attn:  
B u r e a u  of Ships  
Depar tmen t  of the Navy 
Washington 25, D .  C .  
Attn:  John  Huth (I)  
Attn:  B .  B .  Rosenbaum (1) 
CAMEL Fac i l i t y  
Middletown, Connect icut  
Attn:  M.  D e C r e s c e n t e  (1) 
Grady  Mi tcham,  MS 22-21 (1) 
D r .  J a m e s  Hadley 
Head ,  R e a c t o r  D iv i s ion  
L a w r e n c e  Radiat ion L a b o r a t o r y  
L i v e r m o r e ,  Ca l i fo rn ia  
Doug las  A i r c r a f t  Company  
M i s s i l e  and Space  Eng inee r ing  
Nuc lea r  R e s e a r c h  (A2-260)  
3000 Ocean  P a r k  
Santa  Monica ,  Ca l i fo rn ia  
Attn:  A. D e l G r o s s a  (1) 
E l e c t r o - o p t i c a l  S y s t e m s ,  Inco rpora t ed  
300 Nor th  Hals tead Avenue 
P a s a d e n a ,  Ca l i fo rn ia  
Attn:  A .  J e n s e n  (1) 
F o r d  Ins t rumen t  Company  
32-36 47th Avenue 
Long Is land C i ty ,  New York 
Attn:  A1 Med ica  (1) 
G e n e r a l  A tomic  
P. 0. Box 608 
S a n  D i e g o ,  Ca l i fo rn ia  
Attn: R .  W. Pidd (1) 
Attn:  Lou  P e r r y  (1) 
Attn:  L ing  Yang (1) 
Attn:  A1 Weinbe rg  (1) 
G e n e r a l  E l e c t r i c  Company  
M i s s i l e  and Space  Div i s ion  
P. 0. Box 8555 
Ph i l ade lph ia  1, Pennsy lvan ia  
Attn:  ANSE (1) 
G e n e r a l  E l e c t r i c  Company  
Knolls A tomic  P o w e r  L a b o r a t o r y  
Schenec tady ,  New York 
Attn:  R .  E h r l i c h  (I) 
G e n e r a l  E l e c t r i c  Company  
P o w e r  Tube  Div i s ion  
One R i v e r  Road 
Schenec tady ,  New York 
Attn:  D .  L .  Schae f fe r  (1) 
G e n e r a l  E l e c t r i c  Company  
Nuc lea r  M a t e r i a l s  and P r o p u l s i o n  Opera t ion  
P .  0. Box 15132 
Cincinnat i  15. Ohio 
Attn:  J .  A .  McGur ty  (1) 
Attn: E.  De l son  (1) 
G e n e r a l  E l e c t r i c  Company  
R e s e a r c h  L a b o r a t o r y  
Schenec tady ,  New York  
Attn: Volney C .  Wilson (1) 
G e n e r a l  M o t o r s  Corpora t ion  
R e s e a r c h  L a b o r a t o r i e s  
W a r r e n ,  Michigan 
Attn: F. E .  J a m e r s o n  (1) 
Inst i tute  f o r  Defense  Ana lys i s  
1666 Connect icut  Avenue N.  W 
Washington 9, D .  C .  
Attn:  R .  C .  Hamil ton (1) 
J e t  P r o p u l s i o n  L a b o r a t o r y  
Ca l i fo rn ia  Inst i tute  of Technology 
4800 Oak G r o v e  D r i v e  
P a s a d e n a ,  Ca l i fo rn ia  
Attn:  P e t e r  Rouklove (1) 
Attn:  G e r r y  Dav i s  (I) 
Los  A l a m o s  Scient i f ic  L a b o r a t o r y  
P. 0. Box 1663 
L o s  A l a m o s ,  New Mexico 
Attn:  G .  M. G r o v p r  11) 
Attn:  E.  S a l m i  ( 1 )  
M a r q u a r d t  Corpora t ion  
A s t r o  Div i s ion ,  16555 Sa t i coy  S t r e e t  
Van Nuys,  Ca l i fo rn ia  
Attn:  A .  N .  T h o m a s  (1) 
M a r t i n - N u c l e a r  
D iv i s ion  of Mar t in -Mar ie t t a  Corpora t ion  
P.  0. Box 5042 
Middle  R i v e r  3 ,  Mary land  
Attn:  W .  J .  Levedahl  (1) 
National  Aeronau t i c s  & Space  Admin i s t r a t ion  
W e s t e r n  Opera t ions  Off ice  
150 Pic0  Boulevard 
S.inta Monica ,  Ca l i fo rn ia  90406 
Attn:  John  K e e l e r  (1) 
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4 
National A e r o n a u t i c s  k Space  Adminis t ra t ion  
Manned S p a c e c r a f t  C e n t e r  
Hous ton ,  T e x a s  
Attn:  Bobby B r a g g  (1) 
Lockheed M i s s i l e s  and Space  Div is ion  
Lockheed A i r c r a f t  C o r p o r a t i o n  
Sunnyvale,  Cal i forn ia  
Attn: H. H. Greenf ie ld  (1) 
Nat iona l  A e r o n a u t i c s  & Space  Adminis t ra t ion  
600 Independence  
Washington  25 ,  D .  C .  20546 
Attn: J a m e s  J .  Lynch (Code R N P )  (1) 
Attn:  F. Schulman (Code R N P )  (1) 
Nat iona l  A e r o n a u t i c s  & Space  Adminis t ra t ion  
Lewis  R e s e a r c h  C e n t e r  
Cleve land ,  Ohio 44135 
Attn: Roland B r e i t w i e s e r ,  MS 302-1 (1) 
Attn:  V.  Hlavin ,  MS 3-14 (1) 
Attn:  R o b e r t  M i g r a ,  MS 49-2  (1) 
At tn :  J a m e s  W a r d ,  MS 500-201 (1) 
Attn:  R o g e r  M a t h e r ,  MS 500-309 (1) 
At tn :  H e r m a n  S c h w a r t z ,  MS 500-309 
At tn :  J o h n  Di l ley ,  MS 500-309 (1) 
At tn :  R e p o r t  C o n t r o l ,  MS 5 -5  (1) 
Attn :  J o h n  J. W e b e r ,  MS 3-16 (1) 
At tn :  R o b e r t  Denington ,  MS 500-309 (1) 
Attn :  T .  A .  M o s s ,  MS 500-309 (1) 
Attn :  H. B .  P r o b s t .  MS 49-1 (1) 
At tn :  L i b r a r y ,  MS 3-7 (1) 
Attn :  Neal  S a u n d e r s ,  MS 105-1 (1) 
At tn :  B e r n a r d  L u b a r s k y ,  MS 500-201 (1) 
At tn :  G e r a l d  R .  B r e n d e l ,  MS 500-309 ( 3 )  
National A e r o n a u t i c s  & Space  Adminis t ra t ion  
A m e s  R e s e a r c h  C e n t e r  
Moffe t t  F i e l d ,  C a l i f o r n i a  94035 
Attn: L i b r a r y  (1) 
National A e r o n a u t i c s  & Space  Adminis t ra t ion  
Goddard  Space  F l i g h t  C e n t e r  
G r e e n b e l t ,  Maryland  20771 
At tn :  L i b r a r y  (1) 
Attn:  J o s e p h  E p s t e i n  (1) 
(1) 
Nat iona l  A e r o n a u t i c s  8 S p a c e  Adminis t ra t ion  
Langley  R e s e a r c h  C e n t e r  
L a n g l e y  F ie ld ,  Vi rg in ia ,  23365 
At tn :  L i b r a r y  
National A e r o n a u t i c s  & Space  Adminis t ra t ion  
M a r s h a l l  Space  F l ight  C e n t e r  
Huntsv i l le ,  A l a b a m a  35812 
Attn: L i b r a r y  (1) 
Attn :  Edward  Dungan (1) 
Nat iona l  A e r o n a u t i c s  & Space  Adminis t ra t ion  
L e w i s  R e s e a r c h  C e n t e r  
P l u m  Brook Sta t ion  
Sandusky,  Ohio  44871 
At tn :  R o b e r t  J .  Galbo  (1) 
At tn :  R i c h a r d  F. B a r r o w s  (1) 
N o r t h  A m e r i c a n  Avia t ion  
S & ID Divis ion  
l i i i 4  i a k r w v v d  Coulevard  
Downey,  Cal i forn ia  
Attn:  C .  L. Could (1) 
Oak Ridge Nat iona l  L a b o r a t o r y  
Oak Ridge .  T e n n e s s e e  
At tn :  L i b r a r y  (1) 
Off ice  of Naval  R e s e a r c h  
P o w e r  B r a n c h  
D e p a r t m e n t  of t he  Navy 
Washington  25 ,  D .  C .  
At tn :  C m d r .  W. Diehl  (1) 
P h i l i p s  L a b o r a t o r i e s  
345 S c a r b o r o u g h  Road 
B r i a r c l i f f  M a n o r ,  New York  
At tn :  A.  M i l c h  (1) 
P r a t t  & Whitney A l r c r a f t  Corpora t ion  
East H a r t f o r d ,  Connect icu t  
Attn:  Wi l l iam Lueckel  (1) 
Radia t ion  E f f e c t s  I n f o r m a t i o n  C e n t e r  
Bat te l le  M e m o r i a l  Ins t i tu te  
505 King Avenue 
Columbus  1. Ohio  
Attn: R .  E .  B o w m e n  (1) 
Radio C o r p o r a t i o n  of A m e r i c a  
E l e c t r o n  Tube Div is ion  
L a n c a s t e r ,  Pennsylvania  
Attn:  F r e d  Block  (1) 
Radio  C o r p o r a t i o n  of A m e r i c a  
David  Sarnoff  R e s e a r c h  C e n t e r  
P r i n c e t o n ,  New J e r s e y  
Attn: P a u l  Rappapor t  (1) 
i\lorth A m e r i c a n  Avia t ion  
S 8 ID D i v i s i o n  
12214 Lakewood Boulevard  
Downey, Cal i forn ia  
Attn:  C . O .  (1) 
NASA-Scientific & Technica l  I n f o r m a t i o n  
Box 5700 
Bet'nesda 14, Maryland  
Attn: 
T h e  Rand C o r p o r a t i o n  
1700 Main  S t r e e t  
Santa Monica ,  Cal i forn ia  
Attn:  Ben  P i n k e l  (I) 
Republ ic  Avia t ion  C o r p o r a t i o n  
F a r m i n g d a l e ,  Long I s l and ,  New York 
Attn: Al f red  Schock  (1) 
Space  Technology L a b o r a t o r i e s  
Los  Angeles  45 ,  Cal i forn ia  
Attn:  L i b r a r y  (1) 
T e x a s  I n s t r u m e n t s ,  Incorpora ted  
P.  0. Box 5474 
D a l l a s  22, T e x a s  
Attn:  R .  A .  C h a p m a n  (1 )  
T h e r m o  E l e c t r o n  E n g i n e e r i n g  C o r p .  
85 F i r s t  S t r e e t  
Wal tham 54 ,  M a s s a c h u s e t t s  
Attn: G e o r g e  Hatsopoulos (1) 
Attn:  R o b e r t  Howard (1) 
U. S .  A r m y  E R D L  
F o r t  Monmouth, New J e r s e y  
Attn:  E m i l  Kit t i l  (1) 
U .  S .  A t o m i c  E n e r g y  C o m m i s s i o n  
Germantown,  Maryland  
Attn: C m d r .  M o r r i s  P r o s s e r  (1) 
U .  S .  Atomic  E n e r g y  C o m m i s s i o n  
Technica l  R e p o r t s  L i b r a r y  
Washington 25 ,  D .  C .  
Attn:  J .  M .  O ' L e a r y  ( 3 )  
U. S .  Atomic  E n e r g y  C o m m i s s i o n  
Dept .  of T e c h n i c a l  Informat ion  Extens ion  
P. 0. Box 6 2  
Oak Ridge, T e n n e s s e e  (3) 
U. S .  Atomic  E n e r g y  C o m m i s s i o n  
S a n  Francisco O p e r a t i o n s  O f f i c e  
2111 B r a n c r o f t  Way 
B e r k e l e y  4, C a l i f o r n i a  
A n n :  Don B e a r d  (1) 
V a r i a n  A s s o c i a t e s  
611 H a n s i n  Way 
P a l o  Alto,  C a l i f o r n i a  
Attn: I r a  W e i s m a n n  (1) 
West inghouse  E l e c t r i c a l  C o r p o r a t i o n  
A s t r o n u c l e a r  L a b  
Box 10864 
P i t t s b u r g h  , Pennsylvania  1523 6 
At tn :  A1 B o l t a s c  (1) 
A s t r o  M e t  A s s o c i a t e s ,  Inc.  
500 Glendale-Mi l ford  Road 
Cinc inna t i ,  Ohio 
Attn :  J o h n  W .  G r a h a m  (1) 
U n i v e r s i t y  of A r i z o n a  
Tucson ,  A r i z o n a  
Attn:  Monte V. D a v i s  (1) 
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